The influence of the post-annealing (PA) treatment on plasma electrolytic oxidation (PEO) treated AZ91 Mg alloy was investigated and the dependence of the dehydration reaction on the PA temperature was also studied. In this study, a series of PA treatments were carried out on the coated samples at four different temperatures, i.e. 373, 423, 473, and 523 K for 10 h. In contrast to the sample without PA treatment, the samples annealed at temperatures higher than 423 K exhibited a significant difference in terms of surface morphology since the MgO content in the oxide layer increased with increasing PA temperature. With increasing PA temperature, the dehydration of Mg(OH) 2 led to the increase in the relative amount of the MgO, which was a hard phase. From the nano-indentation results, the applied loads of the samples were seen to increase as PA temperatures increased. Moreover, the corrosion resistance of the sample annealed at 423 K was higher than that of the samples annealed at three different PA temperatures.
Introduction
Magnesium and its alloys have been regarded as one of the lightest metallic materials having good physical and mechanical properties such as low density, high specific strength, electromagnetic shielding, etc. [1] [2] [3] Thus, Mg alloys have been widely used in a variety of applications, including computer parts and mobile devices, where reduction in weight was most required. Despite these superior properties, there has been a limitation in Mg alloys on account of the poor corrosion resistance itself, particularly under corrosive conditions. [4] [5] [6] It is therefore necessary to protect Mg alloys from corrosion. Up to date, conventional anodizing, chemical conversion coating, and plasma electrolytic oxidation (PEO) have been applied to improve the corrosion resistance of Mg alloys by inducing the oxide coating layers. 3) One of the electrochemical surface treatments, PEO process was effective to form the oxide layer on Mg alloys under the plasma state generated by applying an extremely high anodic potential in a certain electrolyte. 7) Earlier work in this direction showed that a couple of eco-friendly PEO methods have been well-established. [8] [9] [10] [11] [12] [13] [14] [15] [16] However, most of the investigations using the PEO process have focused on the composition of the electrolyte such as silicate, phosphate and aluminate.
The thin oxide layer of Mg alloys fabricated via PEO process recently has become an issue of interest in applications requiring a conductive coating layer on the top of surface in Mg alloys which were used for electronic cases. The oxide layer formed by the sub-layer on the substrate before the painting process, which was applied to give variable colors on the surface of the case, can protect the substrate from corrosion environment as well as improve the bonding strength of additional painting layer. During PEO processing of Mg alloys, magnesium-hydroxide (Mg(OH) 2 ) was likely to be initially formed easier than magnesiumoxide (MgO) in the coating layer so that the amount of Mg(OH) 2 in the oxide layer was higher than that of MgO at the initial stage of PEO process. Under a corrosive condition with Cl À ions, the quasi-passive Mg(OH) 2 layer formed was structurally weaker than the passive MgO layer. 17, 18) It is thought that the oxide layer consisting of Mg(OH) 2 suffered from pitting corrosion to a greater extent than that with MgO. To enhance the corrosion resistance of the thin oxide layer, a higher MgO content should be achieved in the oxide layer. According to Hisao et al., 19) the amount of MgO was increased by the dehydration reaction of Mg(OH) 2 and the polarization resistance was significantly improved as the oxide content increased in the coating layer. However, little research has examined the correlation dehydration with a post-annealing (PA) condition and the mechanical and electro-chemical properties of the post-annealed oxide layer on Mg alloys. In this study, the effect of PA treatment of the PEO-treated AZ91 Mg alloy is investigated and the dependence of the dehydration reaction on the PA temperature is discussed.
Experimental
The chemical composition of the AZ91 alloy used in this study was analyzed as Mg-8.29Al-0.83Zn-0.31Mn in mass%. A 2 mm-thick AZ91 Mg alloy plate was cut into 30 mm Â 50 mm samples, which were polished with silicon carbide paper, rinsed with distilled water, and ultrasonically cleaned in ethanol. The PEO process was conducted utilizing a 20 kW machine equipped with stirring and cooling systems. The machine had an electrolyte cell consisting of a glass-vessel container with a sample holder, and a cathode composed of stainless steel in the electrolyte containing 0.18M KOH + 0.09M KF + 0.08M Na 2 SiO 3 . The temperature of the electrolyte was maintained within 293 K during PEO process. The applied current density was held at 25 mA/cm 2 . After the PEO process, all samples were subsequently annealed at 373$523 K at intervals of 50 K for 10 h.
The compositional change in the oxide layer was measured with respect to temperature by using a differential scanning calorimeter (DSC). The thermo-analytical curves were spontaneously recorded in an argon atmosphere and at a heating rate of 10 K/min. The surface morphologies of the oxide layers were observed using a scanning-electron microscope (SEM). For chemical analysis, X-ray photoelectron spectroscopy (XPS) was used. After finishing the PA treatment, a series of nano-indentation tests were carried out with a common Berkovich indenter. In order to measure the mechanical properties of the oxide layers, the nanoindentation tests were performed between pores. The indentation sizes were about 3 mm in diameter, which were smaller that those of solid parts of the Mg oxides. The nanoindentation hardness values were calculated here based on Oliver-Pharr method. 20) The corrosion resistance of the coated AZ91 Mg alloy was evaluated by potentio-dynamic polarization tests in a 3.5 mass% NaCl solution. The corrosion potential (E corr ), corrosion current density (i corr ), and the anodic and cathodic Tafel slopes (b a and b c ) were determined directly from the potentio-dynamic polarization curves. With these variables in hand, the polarization resistance (R ) values were calculated from the Stern-Geary equation.
The corrosion properties of the specimens were examined by salt spray testing for 240 h. Then, the chamber temperature was preserved at 308 K and a salt solution of 3.5 mass% NaCl.
Results and Discussion
Figure 1 displays the XPS spectra (Mg 2p 3/2) of the PEOtreated AZ91 Mg alloys with and without PA treatment (423 and 523 K) in order to analyze which phases were present. Based on XPS study, the binding energy at 49.4 eV indicated the existence of Mg(OH) 2 while the binding energy at 50.3 eV was associated with the formation of MgO. 19, 23) The peak height of MgO was relatively lower for the sample without PA treatment than those with PA treatments. A qualitative difference in peak strength between Figure 1(b) and (c) led to the conclusion that the amount of MgO compound in the oxide layer increased when annealed above 423 K, which was attributed to the dehydration of Mg(OH) 2 to form MgO. The de-convolution analysis shown in Fig. 1(c) indicated that Mg(OH) 2 remained in the oxide layer after PA treatment at 523 K, suggesting incomplete dehydration and co-existence of Mg(OH) 2 and MgO even at temperatures up to 523 K. Figure 2 is SEM images revealing the dimple-like surface structures of the oxide layers on the AZ91 Mg alloy following PA treatments at temperatures ranging of 373$523 K. The surface morphology of the PEO-treated AZ91 Mg alloy without PA treatment consisted of dense, dimple-like microstructures with some round shrinkage pores that is typical for morphology of samples after PEO process ( Fig. 1(a) ). The average pore size was about 2 mm in diameter. The discharge channel and the molten oxides were evident in all conditions. In the PEO process where a great deal of gas bubbles and molten oxides were ejected through the channel, the bursting molten oxides rapidly condensed on the oxide layer surface as soon as they contacted the relatively cool electrolytes, and thereby the cooling rate reached $10 8 K/s, 7) causing the meta-stable compounds to be formed. 13) It is worth noting that, as compared to the sample without PA treatment, the oxide layers annealed at 373 and 423 K contained micro-cracks and some micro-crack appeared to have linked together with dimples. As afore- mentioned, there were two different compounds such as Mg(OH) 2 and MgO present in the thin oxide layer on the PEO-treated Mg alloy. The relative ratio of MgO/Mg(OH) 2 will vary depending on PA condition, which was mainly due to the decomposition of Mg(OH) 2 during annealing. Thus, the dehydration behavior of Mg(OH) 2 in the oxide layer was analyzed by the DSC measurement under Ar atmosphere. In general, the dehydration reaction of Mg(OH) 2 was formulated as follows;
Recently, Sharma et al. 24) have reported that this dehydration reaction is thermodynamically endothermic and will take place at 403 K within which Mg(OH) 2 in oxide layer readily decomposed into MgO and H 2 O. 25, 26) From the present DSC analysis, a sharp peak of heat flow change was found at $406 K as shown in Fig. 3 . It can be inferred that such heat flow change was closely related to the dehydration of Mg(OH) 2 in the oxide layer. It should be also noted that the crystal structure of Mg(OH) 2 is the hexagonal-close packed structure, while that of MgO is the face-centered crystal structure. The volume change will occur inevitably and, thereby, micro-cracks were detected due to the accommodation arising from such transformation. 27 ) Accordingly, no significant difference was observed in the oxide layer annealed at temperatures lower than 423 K while several micro-cracks started to appear when the PEO-coated sample was annealed above 473 K.
The load-displacement curves obtained from nano-indentation measurement are presented in Fig. 4 . The same value in load was found between the sample without PA treatment and that annealed at 373 K. The indentation data of the samples annealed with four different PA temperatures revealed that the load increased with increasing PA temperature and the present results are listed in Table 1 . It is certain that the hardness values increased with increasing annealing temperature since the dehydration of Mg(OH) 2 resulted in the increase in the MgO content, which was a hard phase. The hardness of the samples annealed at temperatures higher than 423 K was about 6.4 GPa. Considering hardness value of the substrate ($1:4 GPa), the maximum hardness of the sample annealed at 523 K was 5-fold harder than that of the substrate. The corrosion resistance of the PEO-treated AZ91 Mg alloys annealed at different PA temperatures was evaluated by electro-chemical potentio-dynamic polarization in 3.5 mass% NaCl solution in comparison to the uncoated counterpart. Polarization curves of the PEO-treated Mg alloy annealed at four different PA temperatures are shown in Fig. 5 . The corrosion potential of the oxide layer in the AZ91 Mg alloy increased with increasing annealing temperature. The results of the polarization tests are summarized in Table 2 . The sample without PA treatment had the polarization resistance of À1:32 /cm 2 , but the sample annealed at 423 K exhibited the highest polarization resistance of 1:5 Â 10 6 /cm 2 , which was approximately five-fold higher than that of the sample without PA treatment. To inspect the corrosion behavior under more actual condition, the salt spray tests for 240 h were performed on the samples annealed at four different PA temperatures and their results are shown in Fig. 6 . As we expected from the polarization experiment, the corrosion resistance of the sample annealed at 423 K seemed to be the highest among all conditions. On the other hand, a number of debris by localized corrosion were observable on the surface of the sample annealed above Table 2 Results of potentio-dynamic corrosion tests of the samples in 3.5 mass% NaCl solution. Fig. 6 Surface change of the post-annealed samples after salt spray testing for 240 h.
Influence of Post-Annealing on the Oxide Layer of AZ91 Mg Alloy Prepared by Plasma Electrolytic Oxidation473 K, which was attributed to the occurrence of microcracks on the surface layer associated with volume change during dehydration reaction. Chloride ions penetrated into the micro-cracks of the oxide layer during corrosion testing. This was noxious to the corrosion properties of PEO-coated AZ91 Mg alloy. Therefore, the post-annealing condition of 423 K for 10 h will be the condition suitable for PEO-treated AZ91 Mg alloy satisfying good mechanical and corrosion properties.
Conclusions
The influence of PA treatment on the morphological change and corrosion characteristics of PEO-treated AZ91 Mg alloy was studied and the dependence of the dehydration reaction on the PA temperature was explored. The dehydration of Mg(OH) 2 was sensitive to PA temperature, implying that the MgO content in the oxide layer increased with increasing PA temperature. From the results of the loaddisplacement curves of the samples annealed at different temperatures, as subsequent annealing temperature increased, the applied load tended to increase. However, the corrosion resistance became worse with increasing annealing temperatures since micro-cracks appeared due to the volume change from the dehydration of Mg(OH) 2 . Consequently, we believed that the annealing condition of 423 K in this study can be selected for achieving a good combination of mechanical and electro-chemical properties of AZ91 Mg alloy after PEO technique.
